


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 


DSpace Repository 


Theses and Dissertations 


1988-09 


1. Thesis and Dissertation Collection, all items 


Composite materials at high temperatures 


Bess, Charles Richard. 


http://ndl.handle.net/10945/22962 


Downloaded from NPS Archive: Calhoun 


ai | pune 
mM \ LIBRARY 


http://www.nps.edu/library 





Calhoun is the Naval Postgraduate School's public access digital repository for 

research materials and institutional publications created by the NPS community. 

Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholarly author. 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


Tehoae 


By 


more 


-- 
2 22s? 


“se a dmoebwes” - 

































































































































































































































































































































































































































































































































































































































































































































































































































































' gut a, DBGOl €AadNd iyi si Bae H.GensAl Gam BaMe® 4.094 
r) aoe r 4ai > bh "sta. Matas te seagate ty BtweQimshe Us Orde 6) Pa? 
Mi . . es r i 8.4 boc ® sshd. Es ode b bs to) Mott edema: CMA 99%! 
' ' ‘ “a ae tages vai Parrantiots a “4 Ae eH AGS? fe Py 
' 3 ' ; a Regal sct M Bobet s rete) Oh wia Ugh: 6£0: AR bbOGRS 4509 88 Bue 
a . 4 ‘ 48 "Sh were ob. Shh cee tm AhFede. 9: 0, O54; 6.0 502824, 4° mayiie YT) 
t ' ' igtti "4g oF tebe bite Whe tpAgpedie! Vi AbASL RAISON OBR A Ma ge Ve® 
aie ® 1 a 4 g Bit bat FOB 88, DEAN gas $ ey RIALEILD ey Dak HS: 5 OA VEAE CFs h, B2A, ede 8 
‘ ' ' ‘ fae 4 5 ete oop sc Rrra ngage aed A Mey whee 8 Ges donates Aas! re S A, ahtens Beas 2 Rede Reece: rh. | 
: ‘ Pa 4 Mie 4 '~ a hte eget ye 8 2g Dog Im EME UAL A AM ATA Ode Ma ticg es Oye sane s) pers eters em dake 
‘ ee » ‘ 73 fds. L: ve ral rile of Ab Ti AP vrs a maipaae a 
: 4 ‘ 1 ' a he 23 2h ay [S gL) ia" vin Utes ditsge . iar ddo.t 22 RP Paes de mee 
" J Ss : ’ "et .e | @, ray ae 138 Angee: be eateat O29 UPAR a Metnsas 
Ls ns ae LE & “af ’ ae | Me Ror eee 64a MEAL a. SO DIAM. OBE 
' : : Me OF Pants } t ] er fe | ‘ Jag Sa (2 teea ger, as ‘hee lll are Dy, Sel gTaRE OF 
' a 4 , nee Cee 5, ' \ 1 9 ro oa ‘ a: $.0 B94 
- ' ‘ a. ' ‘ og, tht Sol : het CH agate fg ! ae ALAM LEC) 
s ‘ ’ ‘aoa ! ps * 4 4 was & Coteme's 51 Oct: bites magne? Di wae VT aN LANL at oF AAA: Raed Bg Pel oe 
‘ ' a : ‘ d nce 4 ge 86 850s 1 ifasg PHYS | Re 459.00 (RAY toAL re 
' ® S ‘ ‘ ons ae en ts aa hae Ae tydes t-0g Ja aa% RTE oh APA #? Gea rek ities 5 
1 ° s , oa ° a+ .? ‘re | a t oh ae ae bja-§. ae na eens ern @ ue Bene ¥ye 16 mils 
‘ ‘ ‘ ts an | 4 ' fies Sa Toa oe oAe i = 1% at 2 ED it be Pa, tite BIW Hee ladi em AF Me A}! 
' ’ } 1 ia 1 a riers ay Pe ee Bethy jue Pa 1 (Sate PIAbU Me Shee seve Ree.e 6 cabbie 
‘ te > ‘ : ‘ t, er e § XY a 2 SORE te deren be alt 4M ft ORI CyASO IA, BUA ide . 
' ‘ ¢ ' ' ’ 4 a 8 md 231 i. ob AR, 0d. 1 5 Ape 14988 WYN AY Stay, ahaa? Oth 
: ’ t of i ery ae) Cee ta: “etd Vie (dag a gous, Tyrihigns din Ses. VU ORM te: 
; ; 1 1 4 $ @e 8 Pie Hes th) Get oath: Oe dage nigfert> PROP BARAT este 14896 © 
: 1 r] e 4 6 2 Fg ORs bade ates’ GAGS Noo sti geht ty VER Re Barba, P1442 WO sare eA, 
' ‘ ? ' : 2 e! o Och leedgted de® pein e0ea o Jase Aig Rak tte boa | 
s ’ ¢ r) a? 4 A pit \RAne 3 A. Vee BAIL Copp 4 4 ISsat 
7 ‘ ’ ‘ > eaiP 4 . a & , Lot 0.9 OTR wth Say May 4 A (4g rag, 
oa ' ee a 9 lee ' ‘ angen. * Uti MAD aebidy aaa ae asap she Risse 4 
1 » ' + « ' ' : ‘ ie era ee de "dnd Du vee “ a8 aa 1B gsaait Prapot it sie Sodisat ve we ry 
’ ' ' - > 4 1 " ue! 7 UAeie eas BANTER Sak Bs'E ob/e (fk FR. AG, ache sas) tawe ter oe, deem, 
' . , ' . ’ Pe > 880.6 tar el OB argo high | Apuscgee 148. Ave Say 180 as UR, Leds! 48h armheagea, 
Ms he ef oF + 8 e Ase Sip ase Sette Boats Maas ge ed ie Leryiyn fy 
‘ ‘ ‘ ¢ a? «ft dors ‘ Lbs Mi aPa 8 det 118 Braeden ee p bs ek denned eave aly FRA Roe 
R H] eye ty ® ie ee eu, Dae: ash bebe, 
' '. . ‘ EAB Be’ Mguds f0sqid5s 14 v5? ey oes ens Gee ey 
nD yes a ia a » Pamery ee ry ve 8 oN trate Le laa Oe ATA MAfae te © LL ADAEALO A iy OF ira 
: M) 3 ’ te : Aa © @ tat Ul Wet. a obsPae © oeten Mave Loh es Uekoe se 4 
‘ = 8 \ ‘ : te 6 1 sou $ Pde @ a lays * 1.6 bP STM 2 Aedes. 930 Quer “pe 1. gt Agro nate) ApeaSots Ae ereoma Spa 
' a an ' i. ry ag be} 1x8 tears, Mgrse8 Wen Pre crtr ty rae ante Ma Vi POF OA 90g 430s Oo ithe Baro eet “DCTESu Af habe eats Bet ates 
ace 7 g ‘ ’ , a ee VL Behe her Bike 2d a2. - “A Ate us "em a i: eg BW Robe P. Pe APO Ae Wom ki Gente Co8F®, eee 
‘ ’ A . 3° a1 ee Pe ee ud: STP en be © rigs aT ay one ‘ sanvasnss FUT eA WAL EM © Muh h a Mme w RO Fn tse ® Jag hed Hmm, My 
‘ » ’ "4 ’ 9te gf tee s3\ Ohes @ se OR. Rs ety VA AT (MU Meat ODER sas ee areal Ase, dad yeas ag hy tp Paar asead 
1 fi ‘ ¢ 58 ant ’ - kee 4. ¥.4,8 ¢ ° aw on Ba top "ed Ww SInLente iat a) fies OG AO afro. Be Bod © gam ytha ea Rg ite 
Bares aeags 4 oe ata og he { le BAN hte a “ ory Rotee' Wa A esata oma’ \ MORPAC at AANaees leenaee one, Sep UN ireAtacarontsentaene es 
. : : soe rede ‘ +o Whee ag ewe ADA sat a ieiesha: potekend A Wp adobe Wray SOO tO 
> ' ' . . ‘ 1 % * 4 ‘ae Motes re se » medi tee rn A Yq Mat gw 
' Ng ' ‘ ’ tous ; 1 © soq! ABN Oem 1afase cain Dabysye my ees 
‘ ‘ ' , a. . 4 toa a. Vea op eum ROTO O pds Nite asa Ad BEE As BF sO Sas oA 
’ ' ‘ ‘ ' ' a's es ne a 1 ‘ way 2 a Qos 
"% ¢ ' L ' aa? ae | a Th cE “ae , ome) 
: : ' ' ' \ ey 1 Ry 4h yay Age VAP eR Nal, hvo'ncy meat 
“» 1 ren on s se eos ne “4% % siagery futeun Hid 
as e gid s 8 ih ou " o9h0n ‘ i QAdnr. Gt pt se Ni efieebe nhs he ¥ Mesa: 
’ ' ‘ ae & Re r) hoe az seGe das 6 Ns fader or, ie ae as agasen Hid ie ahs wean oa 
' . i 1 r) a ' tou Unt dn Bhs 2s AMS, te’ 2 BO: sg aa Siem et 9°, as Paes “Wads Gr mlawa Kihe frets 
- , On SM ' ste ' ‘ a tea By je e Sey he gj Avkaty Ure Os mad! ay he ole: 
' ' 4 + e ‘ ae one ° a] ray “é"4 Pp, aay de ea) wh Py: Nica 34 weSrew : J 4 
*j A of ' > ae ry e ’ . & O° De ents eM emvord img edi gators sie yr Ae . " tee Mg 8 | 
‘ . “ a sty 8 ‘#4 9 54 Pgh at rei Ses Fins PrP isa osm spose fs Bhs RARRTO SECTS wns Aansarshey Pra ee 
¥. ' 4 Ses 8 8 " ‘ o 3 hm tt Eayt ola.s efiye SERy eds BP ey DEAR DRM AazaeE & ap rs ees wy PL et ea eee 
is ' ve 1S ot 6 aka sac etiy ft LS ‘wen ye 2 “gate ys ado ts p18 bee Se Tas te i lwemeent nf yap tp Se~uiligteas haleay cds Qeeasase Be 
eo oo : . ' BI ie | gtce ck ‘shox. 7 aslo Peat © SS edepenesege aa0 Mody -eA4L ‘oh mm he a Gewat (ed Remsae 
r] 2 8 r dla »h @ ¢ ™3 e 4, My " Ai . ¢ i Bye ete a ance Asm sers any Soe 8 cas 
. ' ot ‘ . eg fms @ ptt Ste RE~ Ne. vi ' 
’ 5 . 1 , 1 re ' 4 PAGLA 2 P7280" S) @ pee bet ‘s ake rr ld oes 
’ . aoe: yet 5 x ‘ave am Ate ers Adee we STO ge S iene A2O 700 
1 . 5 ‘ ‘ 22 oe gy Wey wi ’ Ya ¥er.6 © tear ving pans ’ arsdndas tone ai hrpenigeesay ORs AEE re kaas are. 
' . ee ‘ ‘ > “fis a Ly * pert, oe Papnds fai tno nfm ibe, See eros rar wa 
‘ ' ‘ » , ert ae ede vie Sedan ates a bes 22d AL94 ket eyet wend” va gea eae Aviumatserkann 
' . * “ue ase ae, at u r] andy OAM. Fg ar esq ah oet ais ep ASO Lrhe WEE 
F : ; ton Jalal Ma wisAs dai theres Sao Re o barag* phe tots WA emits ora 
: ‘oo > wfesedes os on wea gat BE 9 Re PAS Fone gd i TTY Pm mee Tae oh tenhone 
‘ ; ; 4 5 ' by te ys. oD OeAdsl Vidtenta aed ate 4 Neepltes HAN WNC ems RIGA med yee gatandte teed 
Fi + fs , ye ob ee o* wea ebon sede t es habist pripberies VEE BAM, Fa Raite &. Sea Gh As ashe wh 
‘ ’ ¥ pes ce “at% Me teh “a wher SA ets tpt pete! ot Soe tae hme re Saw do tse habeus sy ivths oA 
i ' i > ; AUR : ¥ "aM rower Tia] ; Gt Pe yatte Relen’ stra’ ge peat HT meg 9 ts Sony 
‘ ' ‘ ° e pts sale by Magnes ata mil aines Crh Oia rgin Meise sels ae hans 
s ae ' * aster rly Nites im et a Pd che ke 
: e thee Mag h HP HR! Oars e ethno s Ye By ps rte 
‘ ‘ : ' ° pp ay ters tea hihshs a 7 edp iy Sak 
' ' : ' dad a dl « 
- . \ ae Pritt ions s 
. ree Phere! newt owe ake cchierican 
rp : - at S. teth deine tee eae 2 Me Bary, porte S's ain be nd 
; tees et Yale wa theRAT sath + Sibi i earare paeRio gs 
' 1 Cie Ms a ta: dae pene: Sea wia Ee, tek s eae Bi tin 
' t) of ae Ley PR" ifeete sth, G4 wge pie Fike Se pers re Nahe « 
. ’ : e ’ afore Nrats ile Nie ae f Te “as Ba ite ew “ein: res mark TyAaren innge mae @ tthe er 
‘ ‘ te ie tande, bod « Nasi itreter yh % mck Nishi coe ee ed eee 
aed Sot gay J me eae seis ° a) ‘Se is iSTacmy E857 
‘ dL . ite Petes tee te she Fave per tee See he ws 
’ + ee Lire perc: oe & tot, X 
' Ate ASE By 41 kw aT Gage 
Ld ' » ry ve + Fa 
‘ ° e ' ' . : 
. ry ‘ » ‘ 
‘ ° t 
e e: ‘ é o A 
’ ‘ . ve 
. 5 a‘ z ry ’ * 
e ¢. ' « 
s : : . ay vty. blace? 
. * > west ‘ ke Pit 
’ ° Ly . ° 
‘ 5 » ° x mde, fe . t 
i Li : » 4 , at fai. ) gnc! bape 
2 ‘ . ‘. NAB AY ahs Fide! ay 6La ASS a ake 
° L «4 ' PaaS “1 seit Le Bey ene, AF Meret Roget 
i bs ; a ‘hee fv fe eit aanle ARS % oT Wh, Etats 
' ' ‘ fe, fe sity! Ae BRU AIS OSS ORE Gad, Re ealntbad gs: et bit 
: ' Abit earat opal : tra egeiee oP tet oe FR ene rere Po er Aste 
, ee . ° me it, i yeh Jag nabytea Wirt Taka ener t BER AR te raped tn STIRS SEs od 
' ’ 2 7 e 34 ws Ross AR SK ateiat, oe Sanita aa Anes Se eee °S 
1 . bd a * Padre | Lik oe Or aca 2 Sates (<x 778k, it waa 
» Mas Bel at La; Agee es UA eat eG eos babar ee Y 
' u MU er ‘ - ofS OG, 38 qr aN? PEAS a5 - oa per F 
, : raf ne Se MEAN. SSM, tS? STR, 
: . », °s . p oN wis WeibSie ies OR os £2, Gexthss 
a ' ‘ ¢ . VAS " e 4 oy é re fie At RAT tg Fe hes poe ee 
: Oe ae , . spe Fy Ne ie Se HE Pte Pa Hi ah ‘rs oe 
' 8 ‘ , , * or we af fre , Fike bo cary sarc iiteingeses _ pa a 
> ’ -s : ¢ Co i sors fy 13 ne ‘ Gaglea wotetee s ey £) 3£a, 8 Ark 3 RE eA ot 
5 . : ‘ F vei g * vy i ie : A, ste Sy seit eg ie v ited pier ee 
. 5 ao ' 4 Ot Cie Je Pas : Se ehet 4s RRS > c "athe SSUES RE, FRR rRceaAsSicestets eG, 
' ie ¥ . ins: op, oe fe rip bias 7: = Ake iterice $e5255. 
ste a , =? : ee: seifien aati ie was Ree SeeS Aa LT aS RR RY 
. t. ' . - t+ a ug hs a ae ann aacrkgicl eas? F 4! Ufa Ae 
' ' ‘ ' ee ’ a ws 
. ‘Ff a Fl) Ce f pee wa cess & axa og 
: Fi ¢ ye ye ‘ + Paes Sf ue 7 SoU eS qe san at J Maz .t Poeeere nee os 
' : , : ‘ \ tte 7 wet, Kal a Not RRA Sete Rags) Cont Fe Ath, da a 
‘ . of ‘ or? ’ tye et age ‘ ’ o? Kee 1x8 RsvrO Ga we srce eae 1? Parte To 
a ’ . i t Fi Sra atien rath esa iad tF; ees “yard gers 
‘ ¢ : ne oe = “hen axl shee oh Sst Siren ar RG eS ee 
7 . ae i y 3 i bre pert tat x) Sree é PS ah re FeERS 4 8g Sh elie BE. 
on e . ’ . . 7] 1 es , e ‘ . , we s ry : ay eg WERT ; “wt. ae 8e Ftp Met 
’ ‘ ’ ry 1: 1 ae e ’ é 3H Ph rt an Sele ey 7 deh : Sat Piet tel anr st pies je 
° , ‘ ' ros ‘ er stem SC ih one sata kgteiatat fe eee ie la eT: J wesley ee Ret oe ett 
¥ : , P ‘ yebeers L Afa'. pia Tt geet ee ek toh X5hy adits e fue AHOTE, TF gory Bs 
’ ' » e > 3 ‘ ' a> as ogter ice, eRe | ” orcs ees, sehr 22 thw 
i 2 q ' oy e 1253739, 3° 4 ee -" ERI ie ariee¢ Z 0828 et 
' ' , , pap ae et thats éxones nae fats tty i Se Eke 
e » e ‘ a A en , - » 4 1 OM ve, vr qv g! SHE oe et eee 
° « . . rw ‘ « ¢ert ate ' » ir oe = = a8 
A ee ” ah 7 F Feed figs HSS eT 
' es? Caley ‘ ‘ @rosreoe s* —) Pesta, a tei Lt 
a | . , e r . “8 py say » Ae pe 
‘ . ’ i » te » a? * 4 ‘ ry fe ES ye nee ne 
* ° ea - ° > « wee ened Days 
oo,¢ oo age ' ae a re » # aye set Teal yiger ee Wor sere 1A te 
° o? Can » . . ’ é, Vee ere Side wiins AY cht wis ee rer 
or >» do > ep ewe ge vale Bee ASN gh Preity = Mas CRE VEO oe garnet eres 
pe? ° ; r etal “Lee P Alm de ots (i ev oy ms an Re tps tei 
‘ ® a hf Lehi} . » . t » oe i nd vee 8 + ytedegln wee © Fem, e> gs ae ple a ie Je eee, senrede wre, 22 one’ ey ae 
Fy > ae ’ tee ‘ ei eee Par bf « te Lara pe tO BANo Ke aiee ft itae rate acts ersodd oh ile reed paery Coane’ Sete eters ais 
» ° U ° «8 sore ye ’ od ee ” . Pequre = gtgerts we 3 ° ae 4 nr ‘ ran mee? ee as Peer whee oreryees 2508 Soaps Pe pen oenat Ft 
: > bo ¢ oe rps : Pee Cote tH a gd 94 AFP eae byt Y re AT ¢aranae, pa pout ery: 
: . ’ ’ anne 1 & «6 Pn eke ee PEh 6 arya, eg yet sere o vie fs 4 0 bn0 99, WE | oe ieee bake 
bt ¥ . e Lat ak » Ca oer ye ll 3 ® win, ¢ outs Pars 83 Gte ” Fi Ay ates ore <yagot one ie, 
oe . ee 2 On ‘ye. ’ . » a ‘ erne 2h 6 2 pia oo PR 8 © Sele ee, otere “"yhyes 4s - or vip aky (7A bd So sy 
f a ‘ ' oF ty rye ty Ore 9 ah port, whale HN Ry i, ° pts) Path Pte id Ut mas} we ates 
. ‘ ry e . eis z ‘ ra > » ee | eo 8 pts” © o ie, So" ae bel eS DA rad re - , c, re ics a eed! ays pie Ie Uap By 
2 4 > r Coe tr , P tied oop pts ge °F aly oe o oh a9 5° oh » gel gs ve ry i pee cats ot ihe if 
. ne ok | ee wed oe Prin Oot PTE Mie DO ort tS RP bene ate ae ot balyvacokerstobea g byt 
° re ie r oe. 8 > @ be om dpe 4 stu e4 $ ee 2 pha" te aia Mata) Sa el ser Redreeiye 1% cept ena he tctae-reet-nepmiy TO iO am a Ot fete 9 Oe 
fi 4 » rer Pan 4 e ¢ . re ete . ayy ve be a sy 2 eye, we ¢ ‘ hay foe Pe ih Lae hy nas « Bp 5): vie wes - rye Pant EBLE fo pe cere” 4° Peet he 
1 . ' r ’ ‘ rs ee . » reg fee eee pug! | xe io. ry en ee Ai ia na feote tree” Reveal Coup rd pl er wig ts es; ERLE YL Ueno ag sores eevee enemy 
. e- e noacue ar as eas e € . ' Uh ead i ton bY oops pint os© 18 eo ae nhs e ine vetgta Pe pik Tete vee Sia wee ry inf (SNS BLA ene r Lake 
. é . pe oe ae v af 2 ogee eilnece gor © Ste Sh pth Bd  haaedvint “) af ah 5 orgus SF Lee i 1a ay te ree 
Fy fag re » e e ’ i se Pe HW, 8 OL Mega sad ots § ste a | v8 a - $i, rd sp bry ¢ Bis fab hee Lee 5 bal de pya =f st a8 cr esauiae nigee 
ie ae 4 er ° : tee © ot) ees rte : aye FA ee ag he Ce! oe at ory ing dues eeeseeatt ees PW a8 ge FO why! wee oy cae vopedll 
» 4 Pet pian ate, reog4oa t o4 PY a a A ‘ ee vat Bares barges Lise of 3 a wily & Dare & 99 a0: ageeoenl 298 FD Oe be po peg a 
. +e > » A ’ c= J vee ‘ “034m re 7 « nye t. si <5ea° Paes, shageve Puts boned gies’ Bae Fee 8 FOTIA IEC TebiCe yr ange se surpee 
Sea a> oes ’ , . e % e am « tr s tatitters “re rant Opes ant 2 1 gece vip pet ears Mus Ame g gators Cad ie ok at 2ytees tyra 
. » ' » a4 we os »% ie tyeot "4 Ge. > eh 3 A, Ag eb reor pag ks Pas pene 8g wate Paste Si teie ts pte eee tee 
5 Le ‘ > eo . ’ te ew ee ee ? way seayeerentray te yt peeves ah pie ae =e phos ewe ee Ore) wtet HELIO TS ECL 0S re wept a 
f 1 ‘ 3 > . a oh UF 8 A wT FT relte ge 9" {ge a Aue 404 ayy y ‘tel e Gzaocgepre sg Depts Sy ogrtnt nebo grasp anes T° eg) vem FG aghe? 29~ 94, Otome 
. bd Ly > ° ¥ > tet , . oe , oat ¢’ eo ey > ateyy sy yuses svaree rye? Cred oe He easy ge ye a eyo 2wry weewd ements para ee at ee te ae 26Et ste pet an 
rr  } ' (te te (ee a te be Pe =H oe a oll at oh ky Pele Vac’ bn the tt a ey ia Mo TES | vy taed eran eerie tie et ar ed al ova be OPH ketal aortiene, 
r) ae ‘6 ee? ° ' s . > ee Fe 1 o Fog ist a | Tse, Yrtecls « doves 2 VO NRY Cae pam aye a mT eect Re td of gr Lp Srw mtn od ater grees n Oe er ae oat Pa 
a . be » abe ‘e - ‘ ‘vet wvtie dean he ie Plqraree 08 6 we 1 oH ryt bbs oh Beye pe geiyenee Pu tebe > pr aeime ce Duebe-t sya the deine yt lilt eae a Sicanbath toe 
a 2 1 . eo ry ‘« wee 2 8 © OMege 8 ‘ ‘ YG. 4 ae by ae Pia she Fe NN gin ‘yy ety wens agoyters? sere # oRtagaes Tie ead etd Dirge eg Bel” Vaan gy” Te gee On mrp aw 
ry ; ‘ Be Og ws 1% ve © 6 Pee & oper ys: bel Ted che uu 19 pee mj ENT ome ao) eer retats aro rita Apeyte ogres EEA gen ee me 
’ ry ae « «to. e -¢ . ‘ ane . Pe Ose gees wre ms | Le ACPO Ga8 6 SePlUhe mag ed Het empase Oe sO | a0 eran pera ate tee : on en ue Fe at ot tt ates 
, . > > mt wre or ee Ue ane swie A pages (oh eieed Mal dk Od baad ae Feoas" Oe Fare” Gamer ess, & Wr wt gee? gereetigrs eargs eee ae 2 let GO maT « o 
¢ . >» ae) ’ Ht) ae - ie sa: of “ym se ye I A ad oC ae ee ou (ee aE of Sipe is dh <I Pee ea OFF pe lye et 58 oS wet CE 
s i Ce > ' « » ’ ae J 2 got | ster > ena oe. oy: My Petiare nes Fares tery Be abe a pt LOL ae geod ol peer ee et a Se Gd gE a gh OF ww Sey 
Pa é ry o8 ~ bt gt ra ee | } ao” - 50 rh wh “eye Taye oy _s lynne ge epa e751 Peeve oyu Wie gta ee 3 3 EP pig armas we Eh ae Pore: ee on 
Aad a z ’ a i Wet othe tor vs Ger: y* rate FIO Pe & ee ietgnae ws, Pee de orerer papa me % ” Regt pat? Pi tert teehee seats 
' ; ee ee ‘ raw Podonee cara eee ed er ays ees: weeps eg hae ol ghy re Rag apne Wat pen ere ase 294 wheeey: ep cre ©. 
P e > cs ‘ e | > a the ¢ hae oy Ae ote) arte, PPE le age oe aay Pree se 
a ». : » ' 7 i 73,e e@ ' ae ‘ foaee » € »* j 5 tS be sal aes het 7) a Wee aera, weerel 
= a oe a r, 1 aly es “yd 210, BVO eRe ge mene? Pay 4 ge he ear wens 
* ‘ Py be he ‘ a4 ea) o pipe eh 6 “aay Taner spe. ra Tat ry ‘fre 
' vt dele a A ols a la” 44, 0O" Oy hos ome ee MGs OS eral ete 
‘ ' ' ’ ' 1 1 a) Ca far & ry eo” a? hh ¢ ot we iy? PY) igh wt 2 Dy 
1 ’ ° . Ce 5 re a en ley CIN 4° on yete ‘ awh Jt “eae eter iy Cry 
. > r 1h y,eg i % Hig tad a op a Aa Ue ht Ae as pots oe% 9 a> pat tre ge oy eroen serra 
. se 1 ' Or ¥re > S$ Byte athe neeety OOP Oreets 4 jn ears tae. ote 1M? eon gt e WS oP QA E OAD NLY r OMITR OE! © ry Pr? wh eer tat rt Page oF") fe” Sc ahaa 
ry he qo ‘ . 8 “4 7 spas te i Was 0% 08 ae tq a O° a Oy 0° HT hangs one Aen Le re" HAV reared arte ue yare 2 Le Tet Degt wae yp ni Seabee le igaccpetae, oe ee 
5 ree 5 » ; ae ee ‘ ° get te year ethete es ‘syed . poy” ween coe ee hy at MM on) Beta san ee Dee ae dd agayend Oear esate ine 
‘ ' ar " 6 ' A) i ! 6 iis fee b adit gran & hes bing 4 A219 BH TOT ara Cite a NUR FP pT ee pn E ce ew ~. Maat Ise erase ap 
. ¥ A Ate . me patty ys & hegtotr., fp ates Go eae Se anise IPOs Fon gl a” Bem IEn Lk PREF | Pay ieyT paket, oe” pup pose 
. ‘ le 9 . ‘ @@nrea 8 re 18% os 1d rt gbara’ oda yeorgherseur infested va ee CD akan mre ve oF Sees ese poner yep: wa neer 
i. “ é i, aes : 7 Pere, a eeezea Oy oer fen mee ae py sug * a" Fre ee ree eee EVEN PWN pe er ROP OF ttre 
* ’ a 5 , a a Ye » om & 1 - Petter Bey gah ferairg sete 98+ OF « Parr a ween que Lene er eai Meet ee et OW OO dhe eon £78 PT Ar onttn @ OE wel Yee 9" 08 EGET F 
t rae ‘ * . ? 3 tes Caer Hows Hee Mee ites weWRES He tee ad lg were she? ab Ht MACS MFT WORD hye joarss Ihe Gig? FIO xara = wie RES pT: 
' } “ ' + % v9 * 24 & ” . “v. % WENT ag 1OE Ole ayy ore! ee SO Re peg Te FE Om Ra ECTS ge gins ee oe Ie mee wT PLeTD 8 a) a ere rE te 
2 or ge. Shale | ae , (e% Pah eek al 1 ron8 gee gis ease dit aifowee SPYSeR gga wes 1m into e iSapt'y! gown o Teer er 
aa of ons e 6 6 : ’ . + wR. CUE 1 TY ¥ ie eel ot ee ee ete ne pepe tne wig ia 8 woe ee vow pee igwe 
ee ff 5 ° . L | r my Tle get o wt Shs nas Peet Oui) i sig wove pe Ser why) yp ears: eye 
ry ® 1 ‘1 re a 4 ae ar 4 4 49 revtves Mey u Rend wel § op gf ee ef tarp 26g tata, gif" LS PPT wares 
‘ ‘ ‘ ’ ree 1 fa awe @ oMr Seyret GtRe & wrarTayrys 42 qe F'1v Hew 1a we wie? Pty es ot nat 
. Be = ’ 5 a Fe i 6 te To wy UNE Begg Hoar. Ose ED FEI a NOR eae ayy ee eee ae FF Ge! pt attatny vacieer Gey War pour ge ge Fo itm ae el podelye ies OE UT 
‘ ’ A > « Oe eID ee PG Peryuatorras wrine-or gt waheg Bit L yet 80 pe ae MB eRO RT 96 Qe HTET Pel gs eo Fer webs p ET ON 
i i ‘ 1 en r : ' ¢, ’ i Pe ee weet gage ed Tee deo? 6 aa senders: a a a Op eee {Mn et - henk apo of Ae Late 
. Ps % 1 91 f ey % eta ps Pw gaeroehe Pot dng POST gf 0 eptodt YR Ol etary Ie ee Ae 
gue « . > 8 wy Ff Rh aa whe > Pe wee “wer TaN Yer yeh les og’ psoas aqnneey: W btpara gee: UTS 
‘ » “re FY 5 : ye Arae Vive pl eGedy set yae- ge pe Wi, PO we Tg ae GP dP If Latent 
+ . ‘ ” 1 1. ‘ "? ze aes ' ihe ' oyft 590 i 8% 1 » Ay wre Athi dmqroates worn ye TOE ira ged) pra pe Ft Dep pias eRe 
‘ A - * wh» é P 7” ¢ "s HUN rs w wee Dt ok) Pyne retin (etwas ‘99 7 Ff ca pal imgenee rw thf ibe 2 gr go patent we megs | 
, ry ‘ 4 setts «¢ 4 ie ha Bae he ee aes eons fe ey py Sy ee das gan ty ge iw” © te pt gee pie SRS Aid Saban ony RL tt oryeron-pem we 
. ‘ . . ‘ ans a7 Ee wt Rasher re aeasa panacea Vem gf Peni et gee eswiwe pawl 
, ‘ HE ' ae fas lot ae Gor why! OP ek Oe bal a CF 8 aie FRE Oe Hig eda? 1 Paw 
‘ ‘ ' ) ' preran yes Sab oka soar tea 8a Ze Levitan. to alee aA a eT! ee 
‘ .- Be : . i 7 rae re yo Maey Aedes C1mp Vee sb ode Las 4 rere torrets Lig wees gh! wee ane 
. ; Fi F oa ik “ eS pe oO ts pat a4 we dante 198 ig Eat 8 We ag are h jp OT WP pte ge ehae 
. a i | s = Cp Pearce ewe eat cal bed wow gets sO: fryaars s0gn ee a a? POETRY a 
= 7 1 ‘ vse # & # 7 i ab Wr seeryorne € er79s vee aebney™: eee Le ptt tie dure g? ete rhs BT Gir ot yo Gert 
. “ ‘ Fy 1 ° rt ict te Se ae ele eh? GC? bes BO gt Ew 
. - ‘ Pm ’ ie! bee He wiabediecn tung oe pet ieee Ye Boe 
1 ar : . °? 1 fe = cu os Lg y ry 5 Wo | nedetels Taped he ipaea gi MPSA FP Ide gw oe 
' F ; » ot a) r ‘ . rly 11 anode ate ott snipe mua Pal 2 Yfke ahd 8 wR oth ela pe ee bees wie von 
va Fi ' oes ‘ «06 fy ed J : ¢ ( a ‘ yt rere eter eS fe Si gap datas QUar war H Fey owes w 
» ie se C Fo REM OTA RID SGA! oF a Mal area 2 VEG BHAA THO ® ie Canty aw soir tye Geeta te | 
1 « ' aa > oes ' PEATE NY 29 rh See So eg Pees Seuee: mee 3 Dacgeaniesterara yey aacs re 9 Fw ORE aw eH ADE F 
' ¢ f & a% Bee Kove & +844 ak: BS eye yee Lapin ern aed bie ¢ Wet BGR pray Meets 0 Det a Pot 2 yer 
’ 3 4 ‘ ‘ ‘ mea TPE ier Ant ad oe Ae va Vs sey OW Segpaat 
: rie .’ Siar IRR Fa as to Gheay eh) ewe perntys "ah ef ishaatrntes he Vbrra feces tererdetens 
: o> . - ' . 4 rg 4 axe q2e2 Tp LTR ts sed ere Ba 2 BP n a sil wre Se ey 
* t eo. ’ = ’ . % ‘ a om -orreree 8 reaweten. m fe sated Fat) ey 1 Cpe Ga w Loreen putea byl nao Be The aid wer 
é « 4 « a 4 4 * 1° Ff + De we ee 7, Me Hey OLE TH sp WSS 1E 9G" ie Fb Gt rae S Pg NTT pee wR WS 
A ’ 7 a i LO + MDH -e Bs Bee ¢ Kho ye HOG wa ee, teeta ech hed otter eee. 
‘ - ° ' e Ti oa om ages Gey phe Hee vd bee atrie yee toes eye fara! —_ 
. - Pet -~4 PL carer? were e ot a de weers 9's £4 GOP a ely ys hos 4 Dae © narcte Sea ett ee! te ien go a elena ie 
cette z " ' ew egar nr ety Lari: ‘4 raayedte se Kees ON ope hy orb ede arin 28808) oy MA Ciemeper- hel ficweat cea 
» ae é eet he Pe het pate an kk Lr bac | Lak eed roe at eaare ae fey preset 
1 3 é < AA Tata Nivewicwnw » ry a°d¢e Hey tea? ’ r “Apa Let a ee ey saskathaee ae 
' Ata ’ ‘ AHAB FLT Feige) Ok setae gta ake Pe che Ait veya pest 9 ion pees 
, . a" Tt. tarayed 6 wv ae re eo ae SAN PD IETOED TU BA" SE Pe ip *. Op tepondrp-e deere dee 
’ . alae » mn Og te te 9 renee Berm yead at oe FANTY oR cigay g Ro arte pe a ee: stared 
. 3 5 ' oe a £ . = 2 qn ‘7 oe eats, sau Pid ad wl ore oomph tye: Pe et a he A 
’ ° ) * . * ¥ Dat 
7 = =, “*% a -N @® 84 hie i " adeuatyage 9 wry es, bari St ples cramtbronk fata 
' ‘ ‘ $ = : a Ags x Smtr be be eset of : CD ath em igre Lohan Poaceae Sr uress 
‘ e . t ° ‘ \ S toy je qm ; ay: aay . we my ‘a! ae ° phen port Colo beer 
' i t 4 ' aa ree. yous 1 (ft 4? 4 Oy ary vs su ew ASS a wee i yet e > gene Bes rE 
‘ Pac Pe a ‘at oat 4 p : y opty eters ary 'EaOnPey Ay 4 oc, 89 ah Wy ateyewatns on aces ry ody ae anna heat , Cet hart pone ghar ee 
4 1 ' r > ve ie ’ 5 omaergtig ne yea’ t rie, w 45f Rs aye) ot rary 4 rae PATA PO DUE Ha hcg $I T90 RI 9eds aH nL hima a ie At yuareen'o 8 Sears cheeavareraie mate 
7 Lae ' 4 ' t ws © a encce yoy waeretty  playeye ahagteaceye vr bps on ps ao acasiyr atte’ pr pse careniias se ecaicicsee Soo! eee 
’ F ‘ ‘ , Fi 19% aye § 3 4,1 3 w= 4 oes it Popa ee ge aan o> ee cen, A exe ah Le So acty wea feven hits ieserroee byte Gia" ee ee ee 
‘ : ‘ “ ; * “A PPO gi stegi hese La BA chiek tart at aL A Gehl goin - bia a hy ERA Bet oa yg ere pry Arse Sas bale de lhl edlah oil cgn os 
» . i Can + i | oy, fo Ne woman a Oe G sereee ¥ aa 2 hes So ci $e gated arts basta, "Pe (Paes gary “4 hee Hn) aedseaneg gone eles Wegrarane eng a0 Co etine e 2S cere at eee err eee 
. * : Piety Seven erm 34 SHO EME + eID Mee TROT LED case AN PPL NE LAY BUR IN ee Gedy Onl OTE Fe Ly 8 a BO GITOHE 
‘ « spl eee 6. aAia rom] , t mie ’ 7 “i ; oY Ri Cavey at fy Ape teh 19 nh Le we erga Weert brs a prantonig a iahed 4 Weqiprnd 
, ' a) a , 8 r¢ 08 FR pee RI bot epert al, tye Te Weg” ney OR FAME 9240 UN Dog SENN HH wim yt se 8 
ee 5 ‘ J row ‘ a t : ab hI YS at at ee #4194 9k ees are: 1 ga6 Sr eae” 9 iy op Catalin 
i by 
' A eC i ; Qeoers . ; ¢ AAs rien peste y gly Pitta el etd Oe ae oe eae 
’ t . . g ; ° ie “Strom ore AT Fee! geet ‘€. anity werent Gatiee te eee i Uys: agate coos 
: ‘ em . 7 , DUK Sad ot dak OE ae Lees eed foe eI te se Ea pene ja fet gh el cll pe 
» a ° ‘ - . ' yoet Tee a i a opus ts tas ‘Th ht a¥: a! 83 a Syees! 1merey EPR Uh ort g Oe HE ew Ns 
ad ‘ . e Mi g ee Ort. O79, ey opyetageqe 1 Oe an Sgico rest eageted, Oa) an a ae Lo oe diel 2 | e@erstes arr pt 
‘ 5 oe €, ! 4 & “a ’ or =f ‘. Pe | sams ecs > Go nerree coed 4 ques outers BETO: ee eN Ost. Fg pr ord Lee Ceres 3-4 
> : a ae ae Pci 5a ees CT TBE Aut. 476 wereee PEE eet ERNE EAE COR ID Gare ET Ee +20 en poaeneer be 
Af he Bs ' ° s a a gE oren “ante | on ely WIV Spree | “ i Asi ety be th ey aires hierar renter FeO ee res mee Ras wewe a Wee 
‘ ’ . ‘ ir ° gy aS ey an AA Ee oer © byte ee Agen dell PERE CF oF anger oe ReLey UEC E TEC Tg Oreche ¢Mifce guy omarwaer os 
a = 1° 4 #y - = eee as ee Bee y vere OWN Pe virus fea 














NAVAL POSTGRADUATE SCHOOL 
Monterey , California 











la 


Composite Materials at 
High Temperatures 


by 


CHARLES RICHARD BESS 


september 1988 


Thesis Advisor Ramesh Kolar 





Approved for public release; distribution 
is unlimited. 


1238/22 





Unclassified 


SECURITY CLASSIFICATION b4! A 
REPORT OOCUMENTATION PAGE 
Tb RESTRICTIVE MARKINGS F = lic release; 
ees a distribution is unlimited. 
da SECURITY CLASSIFICATION AUTHORITY } DISTRIBUTIONS AVAILABILITY OF REPORT 





2b DECLASSIFICATION /OOWNGRADING SCHEDULE 






3 PERFORMING ORGANIZATION REPORT NUMBER(S) § MONITORING ORGANIZATION REPORT NUMBER(S) 


Naval Postgraduate School Naval Postgraduate School 


6D OFFICE SYMBOL | 2a NAME OF MONITORING ORGANIZATION 


(Hf applicable) 
Monterey, California 93943-5000 Code 67 Monterey, California 93943-5000 
& ADDRESS (City State and ZIP Code) 2b ADORESS (City State and ZIP Code) 


6a NAME OF PERFORMING ORGANIZATION 












8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 


Uf applicable) 







Ba NAME OF FUNDINGs SPONSORING 
ORGANIZATION 








8c ADDRESS (City Srate end 2iP Code) 10 SOURCE OF FUNDING NUMBERS 


PROGRAM PROJECT TASK 
ELEMENT NO NO NO 
COMPOSITE MATERIALS AT HIGH TEMPERATURES 


11 TITLE (include Security Classification) 






WORK UNIT 
ACCESSION NO 





Bess, Charles R. 


t2 PERSONAL AUTHOR(S) 


ma ~~ Y"t OF REPORT 13p T'ME COVERED | | 16 OATE OF REPORT (Year Month Dey) 91S PAGE COUNT 
Master's Thesis F.OM | 1988 September Aa 


"6 SLPOLEMENTARY NOTATION 


The views expressed in this thesis are those of the author and do not reflect the official policy or position of the 
Department of Defense or the U.S. Government. 


= COSAT! CODES 
FELD SUB GROUP 
Se Testing, Composite Materials, High Temperature 


‘9 EZBSTRACT (Continue on reverse if necessary and identify by block number) 





18 SUBIECT TERPAS ieanvate On reverse if necetsery and identify by block number) 









An experimental investigation was made to determine the ultimate tensile Strength and elastic modulus of IM6-3501-6 
graphite epoxy laminated specimens exposed to temperatures from 70°F to 600°F. Specimens were layered (0°), (90°,0°), 
(90°,0°,90°). The coupons used are candidate materials for advanced tactical missile airframe design. A Material Testing 
Be cen (MTS) testing machine with 100,000 lb. maximum load Capacity was used to apply the programmed uniaxial tensile 
loading. A Research Incorporated quad elliptical heating chamber, together with temperature and power controller, were 
used for maintaining the elevated temperatures. A Measurements Group data acquisition system 4000 was used for data 
acquisition and data reduction. 

The ultimate strength of the 12 plied composite specimen was determined at two temperatures, 70°F and 138°F. The 
failure of the grips precluded the determination of the modulus at higher temperatures. The overall modulus was obtained 
for the same type of specimen at several temperatures up to 400°F. 


10. DS"R'ISUTION/ AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 


(0 NCLASSIFIED UNLIMITED OC) same as rer CJ OTIC USERS Unclassified 
| 22 OFFICE SYMBOL 
Code 67k) 


"2a NAME OF RESPONSIBLE INDIVIDUAL 22b 7 PRON include Aree Code) 
Ramesh Kolar Eb8 646 556 
1D FORM 1473, 84MAR 83 APR edition may be used untileshausted SECURITY CLASSIFICATION OF Tri§ PAGE 
Allotner editions are obsolete {ae 





i 


Approved for public release; distribution is unlimited. 


Composite Materials at High Temperatures 


by 


Charles Richard Bess 
Lieutenant Commander, United States Navy 
B.S., Fort Lewis College, 1971 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
September 1988 


ABSTRACT 


An experimental investigation was made to determine the 
ultimate tensile strength and elastic modulus of IM6-3501-6 
graphite epoxy laminated specimens exposed to temperatures 
from 70°F to 600°F. Specimens were layered (0°), (90°,0°), 
(90°,0°,90°). The coupons used are candidate materials for 
advanced tactical missile airframe design. A Material Testing 
System (MTS) testing machine with 100,000 1b. maximum load 
Capacity was used to apply the programmed uniaxial tensile 
loading. A Research Incorporated quad elliptical heating 
chamber, together with temperature and power controller, were 
used for maintaining the elevated temperatures. A 
Measurements Group data acquisition system 4000 was used for 
Gata acquisition and data reduction. 

The ultimate strength of the 12 plied composite specimen 
was determined at two temperatures, 70°F and 138°F. The 
failure of the grips precluded the determination of the 
modulus at higher temperatures. The overall modulus was 
obtained for the same type of specimen at several temperatures 


up to 400°F. 
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l. INTRODUCTION 


There are many increasing important reasons for studying 
the behavior of high temperature composite materials. The 
increasing demand for more efficient and reliable thermal 
machines causes a continuous need for new high temperature 
materials. Future missiles will be using composite parts in 
both engines and airframes. These components will be exposed 
to high temperature environments. The increasing energy costs 
and supply problems of Chromium, Cobalt, Tantalum, Tungsten, 
and other high temperature metals continue to stimulate 
research for alternate materials. Ceramics have excellent 
high temperature-strength properties but are generally brittle 
and lose strength catastrophically as a result of mechanical 
damage. High temperature composites offer the possibility of 
solving these needs and problems. 

The term composite has come to mean a material made by 
dispersing particles of one or more materials in another 
material, which forms a substantially continuous network 
around them. The properties of the composite may bear little 
relation to those of the components, even though the 
components retain their integrity within the composite. [Ref. 


1] 


The ever increasing range and velocities of missiles 
subject these composite structures to varying temperatures 
from ambient air to above 350°F. In order to properly use 
composite materials at increasing temperatures, their 
performance at these elevated temperatures needs to be known. 
The loading of structural members in missile power plants may 
require that the tensile test temperature be reached in a 
matter of seconds and the test completed to fracture in 
considerably less than a minute. Under these conditions the 
following factors must be carefully taken into account in 
determining the strength of the material. [Ref. 2] 

¢ Loss of strength at elevated temperatures. 
* Creep rate of the material during the test. 
- Effects of strain rate on the resultant strength level. 


- Effects of charring or other physical changes during the 
test. 


* Residual strength after repeated heating and cooling. 
The documentation of the strength and stiffness of epoxy 
based composites is considerable however, more data is needed 
for specific combinations of layers and orientation at 


elevated temperatures. 


ll. RECENT RESEARCH 


Many recent articles have been published in the area of 
the behavior of composite materials at elevated temperatures. 
The availability of large numbers of types of fibers and 
matrix compounds make an almost endless combination of 
materials. A recent review of pertinent research, although 
not exhaustive, is presented in this chapter. 

Studies by Poveromo [Ref. 3] showed that extensive testing 
of state-of-the-art epoxies at Grumman (Environmental 
Sensitivity Program) and other aerospace companies have 
established a 260°F upper service limit for moisture 
conditioned graphite/epoxy. This limit was set due to severe 
degeneration of its mechanical properties above’ that 
temperature. 

Meyn and Shahinian [Ref. 4] show that there were no 
Significant effects of temperature in the range of 75°F to 
250°F and of strain rate on tensile strengths, tensile elastic 
modulus or in plane shear modulus of the epoxy-graphite 
composite. 

Greszczuk [Ref. 5] found that for T300/5208 graphite epoxy 


tensile strengths showed little or no reduction until 


approximately 600°F. His investigation utilized short time 
heating and thermal exposure. 

Kim (Ref. 6] determined that tensile strength increases 
up to 360°F but decreases above that temperature. The 
material chosen was 4501-5 graphite epoxy with an orientation 


of (0/+45/-45/90). 


Ill. OBJECTIVES AND SCOPE OF THE TEST 
PROGRAM 


A. OBJECTIVES 


The objective of this investigation was two fold. The 
first task was to acquire and install a data acquisition 
system to be used with an existing MTS 810 testing machine. 
The testing system was to be installed and verified in working 
order. The second objective was to establish short term high 
temperature tensile strength of IMG-3501-6, 12 plies graphite 


epoxy specimens exposed to temperatures from 70°F to 600°F. 


B. SCOPE OF THE PROGRAM 


The increasing range and life of modern missiles requires 
the investigation of mechanical properties at _ high 
temperatures. Accordingly, IMG-3501-6 based composite coupons 
were selected for testing and accumulating an experimental 
data base to determine if this material can be used in the 
tactical missile airframes subjected to temperatures of 400- 


600°F over short duration times. 


IV. DESCRIPTION OF THE SPECIMENS 


A. PHYSICAL DESCRIPTION 


The specimen dimensions are shown in Figure 1. A total 
of seven specimens were provided by Naval Weapons Center, 


China Lake. 
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Figure 1. Typical Specimen 


B. SELECTION OF STRAIN GAGES 


The discussion of the selection of strain gages, 
adhesives, application of the gages, and thermal compensation 
techniques are taken from Reference 8. ~ 

The WK series gages manufactured by Measurements Group 


Incorporated, were selected. They have an integral high 


endurance lead ribbon with a backing and encapsulation matrix 
consisting of a high temperature epoxy phenolic resin system 
reinforced with glass fiber. The temperature range is -452°F 
to 550°F for continuous use in static measurements. They are 


useful to +700°F for short term exposure. 


C. SELECTION OF ADHESIVE 


Adhesive selection was made based on studies by Tuttle na 
Brinson. (Ref. 8] All commercially available strain gage 
adhesives are compatible with epoxy-matrix composite 
materials. However, a concern arises when adhesives requiring 
an elevated-temperature cure cycle are used. Among the 
possible problems in these cases are: 


- The glass-transition temperature (Tg) of epoxy-matrix 
composites is typically in the range of 120-177°C (250- 


350°F), whereas many of the elevated temperature 
adhesives are normally cured at or above these 
temperatures. If the temperature of an unconstrained 


composite specimen is near (for a long time) or above 
(for a short time) the Tg during curing, specimen warping 
often occurs. 


* Many of the mechanical properties of polymeric materials, 
especially the viscoelastic properties, are dramatically 
affected by previous thermal excursions at or near the 


Auer To assure representative and repeatable material 
response, composite specimens are often subjected to a 
carefully controlled post cure thermal cycle. This 


careful thermal conditioning can be destroyed if a gage 
assembly is subsequently cured at temperatures near the 


Tg. 


* These potential difficulties can often be avoided by 
using the lowest curing temperatures possible with the 
adhesive system being used, which usually necessitates 
long curing times. As an example, appropriate curing 
times versus curing temperatures published by Micro 
Measurements for the M-Bond 600 adhesive system are shown 


in Figure 2. Both a ‘recommended’ cycle and a 'minimum' 
cure cycle are indicated. 


GLUE LINE TEMPERATURE IN °C —> 
75 1 


& 


Ls 


TIME IN HOURS —> 


SeEREE 
ee OE 


125 150 175 200 225 250 275 300 325 350 375 
GLUE LINE TEMPERATURE IN CF —> 





Figure 2. Curing Time [Ref. 8] 


D. ERRORS DUE TO GAGE MISALIGNMENT 


A common method of gage alignment when mounting strain 
gages to conventional structural materials is to first burnish 
alignment marks on the specimen surface during initial 
specimen preparation. These alignment marks are usually 
applied using a relatively blunt-tipped instrument, such as 
4-H drafting pencil or a ballpoint ink pen. The strain gage 
is then aligned using these marks, often with the aid of a 
short length of transparent tape. While this procedure is 
quite satisfactory for general purpose strain gage 
applications, gage alignment cannot be guaranteed to 
tolerances better than about +/=- one to two degrees from the 
intended gage direction. Under most conditions, gage 
misalignment of one to two degrees produce negligible 
measurement errors when mounted to an isotropic material. For 


a Single strain gage mounted to an isotropic material and 


subjected to a uniform biaxial strain field, the magnitude of 
the error due to misalignment depends upon three factors 
(ignoring transverse sensitivity effects): 


* The ratio of the algebraic maximum to the algebraic 
minimum principal strains. 


- The angle ¢@ between the maximum principal strain axis 
and the intended axis of strain measurement. 


* The angular mounting error, 8, between the gage axis 
after bonding and the intended axis of strain 
measurement. 

These three general conclusions for isotropic materials may 
be extended to composite materials. However, as in the case 
of transverse sensitivity effects, the orthotropic nature of 
composites serve to produce results quite different from those 
for isotropic material. As an illustration, mount a gage 
along the major axis of the specimen, but the gage is 
misaligned some small amount £,. For an isotropic specimen, 
the principal strain directions coincide with the principal 
stress directions, and hence the gage is aligned very closely 
Grech the principal strain directions, since f, is small. The 
error due to misalignment is therefore small. Now consider 
a uniaxial tensile specimen of an off-axis composite material 
whose fibers are at an angle away from the major axis of the 
specimen. Again let an axial gage be misaligned a small angle 
Bj- Since the off-axis composite specimen is orthotropic, the 
principal strain directions do not in general coincide with 


the principal stress directions. Hence, the angle ¢ between 


the maximum principal strain axis and the intended axis of 
strain measurement is much larger in the orthotropic case than 
in the isotropic case. The same small misalignment error 
therefore produces a much larger error in strain measurement 
for the composite case than for the isotropic case. 

As previously mentioned, the use of burnish marks to aid 
in gage alignment is not possible with epoxy-matrix 
composites, and hence gages are often mounted to tensile 
Specimens 'by eye.' The cloth-like pattern left by the scrim 
cloth on many composites can also be misleading, as one is 
tempted to align the gage using this pattern as a guide, yet 
this pattern does not necessarily reflect the true fiber 
direction. These considerations indicate that unless further 
precautions are taken, gage alignments on composites cannot 
be held to tolerances better than about +/- two to four 
degrees from the intended gage direction. 

The results for the axial gage are given in Figures 3 and 
a In Figure 3 the numerical error in win/in between the 
actual axial strain ¢€, and the measured axial strainge eee 
presented as a function of fiber angle @ , for misalignment 
errors of -4, -2, +2 and +4 degrees. In Figure 4 this error 
is expressed as a percentage of the actual axial strain. Note 
that at fiber angles of 0 and 90 degrees the error due to 
misalignment is very small, which would be expected, since at 


these fiber angles the principal strain directions coincide 
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with the principal stress directions. The percentage error 
due to misalignment is appreciable for fiber angles ranging 
from about three to 40 degrees, and the error is a maximum for 


a fiber angle of about eight degrees. 
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Figure 3. Error Induced by Misalignment of Axial Strain Gage; 
Graphite/Epoxy [Ref. 7] 


E. THERMAL COMPENSATION TECHNIQUES 


Of all the potential sources of error associated with the 
use of strain gages, the most commonly encountered and 
potentially most serious are those errors due to thermal 
effects. : A change in temperature can affect strain 


measurement. in two ways. The first is that the sensitivity 


of the gage to strain changes, i.e., the gage factor, changes 
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Figure 4. Percent Error Induced by Misalignment of Axial 
Strain Gage; Graphite/Epoxy [Ref. 7] 


with changing temperature. Often, the gage factor decreases 
with increasing Penmeeactrer although the opposite can also 
be true, depending on the particular gage alloy being used. 
The percentage change in gage factor with temperature is quite 
small, and is normally on the order of 0.5 per cent per 55°C 
(100°F). Since this change 1s so small, gage factor changes 
with temperature are often neglected. 

The second effect due to temperature, and by far the most 
serious effect, is commonly referred to as ‘apparent strain' 
due to temperature. Apparent strain is the result of several 
Gifferent. factors, principale 


* A change with temperature of the electrical resistance 
of the strain gage. 


gle 


- A mismatch between the thermal expansion coefficients of 
the strain gage and the test specimen. 


- a change with temperature of the electrical resistance 
of the strain gage lead wires. 


Apparent strain effects can be very large, and if not 
properly accounted for can completely obliterate the gage 
response to mechanical loading. 

When static or combined static/dynamic strain measurements 
are made, thermal compensation is almost always required. In 
modern strain gage practice, two methods of temperature 
compensation are most often used; self-temperature- 
compensation (S-T-C) used in conjunction with a three-leadwire 
system, or temperature compensation using a 'compensating' or 
'dummy' strain gage. It should be noted that, at least in 
theory, thermal compensation is only required when the 
specimen temperature varies during the course of a strain 
measurement. However, the level of thermal stability required 
in order to avoid thermal effects is very difficult to obtain 


except under closely-controlled laboratory conditions. 


F. THERMAL COMPENSATION USING A DUMMY GAGE 


By far the most widely used method of thermal compensation 
as applied to composite materials is the use of a compensating 
Or dummy gage, in conjunction with the standard Wheatstone 
bridge circuit. A typical configuration is presented in 


Figure 5. The ‘'active' gage is mounted to the composite 


‘3 


Specimen and is subjected to all the mechanical loads 
(including thermally-induced mechanical loads) and temperature 
changes which occur during the course of the test. The 
'dummy' gage iS mounted to a sample of the composite material, 
and is placed as physically close to the active gage as 
possible. Ideally, the dummy gage experiences the same 
temperature changes as does the active gage, but none of the 
mechanical loads. Due to the characteristics of the 
Wheatstone bridge circuit, the apparent strain effects due to 
the temperature changes cancel, and the output from the active 


gage is due to mechanical loading only, as desired. 


ACtive 
Gage 
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Figure 5. Dummy Temperature Compensation (Ref. 7) 


G. CONSTRUCTION OF A TESTABLE SPECIMEN 


The first two specimens were instrumented with two strain 


gages. All others were instrumented with a single strain 
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gage. The gage waS principally located along the x axis 
according to application procedures described in Reference 8. 
A cure temperature of 300°F was used aS recommended. The 
specimens were cured for one hour at temperature and then 
allowed to cool very slowly to room temperature over 
approximately three hours. The strain gage leads were 
soldered to attachment tabs. Wires to the data acquisition 
equipment were then soldered next to the gage leads and on top 


of the attachment tabs (Figure 6). 





Figure 6. Instrumented Specimen 


In order to have a good grip on the specimen, aluminum 
tabs were bonded to the specimen using epoxy cement. The tabs 
were designed to increase the surface area of the specimen to 
facilitate gripping (Figure 7). The tabs on the specimens 
provided were -75 inches x .75 inches. This small area made 


gripping of the specimen very difficult. To enhance gripping, 
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two aluminum tabs were bonded on each end of the specimen thus 
increasing the effective area to be gripped. Two different 
types of epoxies were used, Conley weld and PC.7 multipurpose 
epoxy paste. The epoxy was mixed according to manufacturer's 
specifications and applied to all surfaces. The tabs and 
spacers were then aligned and the excess epoxy was "squeezed" 
out. A hand clamp was applied and the specimen was allowed 


to cure overnight. 


LUMINUM THES 





Figure 7. Specimen with Aluminum Tabs 
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V. EXPERIMENTAL PROCEDURES 


A. TESTING EQUIPMENT 


A Materials Test System (MTS) series 810 testing machine 
with 100,000 pound maximum load capacity was used to apply 
uniaxial loads. Proper gripping of the specimen is critical 
to ensure that a uniaxial load is applied. The grips must 
also be able to hold the specimen throughout its entire test. 
The grip system used to pull the specimens is described in 
Appendix A. 

A Research Incorporated quad elliptical heating chamber 
together with temperature controller and power supply were 
used for maintaining the elevated temperatures. The 
temperature was controlled by a feedback circuit consisting 
of a thermocouple constructed from 24 gauge copper constantan 
wire. The heating chamber is physically two inches in 
diameter and ten inches long. When the oven was operating, 
two pieces of aluminum described in Appendix B were placed 
over the top to prevent heat loss due to air circulation. 

The data acquisition system consisted of a Measurements 
Group, Incorporated System 4000, model 4215 Executive unit. 
The System 4000 is composed of a central processing unit, four 


disc drives, keyboard, monochrome monitor, color graphics 
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actual specimen. The strain gages and the load cell were 
assigned channels on the strain gage scanners. The 
thermocouples were assigned to the temperature scanners. 
After the specimen and thermocouples were mounted the data 
acquisition system was initialized. All channels were 
verified functional, zeroized, and the data acquisition system 
was started. Data was taken in intervals of 0.5 seconds or 
1.0 seconds. The oven was energized and allowed to reach a 
steady temperature in approximately 30 to 60 seconds. Due to 
the limited number of specimens available the following 
temperatures were chosen for investigation: 70°F, 150°F, 
Seo Ff, 400°F, SOO°F, and 600°F. Upon reaching the desired 
temperature, the programmed loading sequence was initiated on 
the MTS machine. The MTS machine was configured as follows: 

* 410 Functional Generator 
Rate 1, set at 60 seconds to give a 30 second rise time. 
Rate 2, set at 1000 seconds to hold specimen at 
breakpoint and allow the MTS machine to be shut down. 
Breakpoint Normal set at 50 percent. RAMP with HOLD AT 

BREAKPOINT were selected. 

¢ 442 Controller 

LOAD selected with VARIABLE EXCITATION set at 10 percent. 

SPAN 1 set at 40 percent. 
These settings yield a constant ramp load of 2000 lbs, with 
a rise time of 30 seconds. At the on set of failure, the oven 
and the MTS machine were quickly turned off to prevent any 


further damage to the specimen and possibly, the oven and/or 


the stand holding it. 
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As the experiment is in progress, the executive unit 
continuously interrogates all 140 channels and records the 
respective temperature, strain and load information in 
parallel. The attached monitor gives a real-time history of 
the recorded process variables, which enables monitoring the 
variables in the experiment. The observation of these real- 
time plots provides very useful information of the state of 
the experiment, and if any corrective measures are warranted 
in executing the experiment. 

After completion of the experiment, the software REDUCE 
was used to reduce the raw data into a form compatible with 
other programs. The program PENPLOTS was used to generated 


graphics. 
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VI. ANALYSIS 


A. ULTIMATE TENSILE STRENGTH 


The ultimate tensile strength for the two specimens tested 
at 70°F and 158°F are 74.6 ksi and 71.4 ksi respectively. The 
ultimate tensile strength for the other specimens at elevated 
temperatures was not determined due to a failure of the epoxy 
bond between the specimen and the aluminum tabs. Appendix C 
shows the history of the stress and strain for each of the 


five specimens. 


B. ELASTIC MODULUS 


The elastic modulus is plotted in Figure 9. The elastic 
modulus increased with an increase in temperature up to 400°F. 
This increase in modulus is in agreement with Reference 7. 
The modulus was calculated only up to 400°F as explained in 
Chapter VII. It may be noted that the modulus obtained is for 
the laminated composite specimen and not for an individual 


lamina. 


C. CHARRING OF SPECIMENS 


The specimens started to char and show signs of 


delamination at 500°F. At 600°F there was visible smoke from 
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Figure 9. Modulus Versus Temperature 
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the oven. Power to the oven was quickly secured when visible 


smoke was observed. 
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Vil. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 


The experimental results agree with the open literature 
for composites at temperatures up to 300°F. This verifies 
that the data acquisition system, MTS machine, and oven are 
all properly integrated. This satisfies the initial objective 
and prepares the way for more experimentation. 

The failure of the grip system is due to the tabs on the 
specimens being too small. The specimens provided had a 
gripping surface of only .75 x .75 inches. This small area 
was not large enough to be held by the mechanical grips as 
described in Chapter IV, however, the bond between the 
specimen and the aluminum tabs failed prior to reaching 
ultimate tensile strength. It is possible that another type 
of bonding can be utilized to build a larger tab, however, the 
simplest solution is to manufacture the specimens with a tab 


of at least two inches long. 


B. RECOMMENDATIONS 


Continued investigation into the effects of high 
temperature on graphite epoxy laminated specimens is 


warranted. The equipment set up as described in Chapter V is 
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capable of quickly determining the mechanical properties of 
specimens at high temperatures at varying load or strain 
rates. By programming the temperature controller, the effects 
of the rate of application of temperature may be studied. 
Also, instead of applying the load, prescribed strains may be 


applied by appropriate programming of the MTS machine. 
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